The use of the Rehbock formula for measuring flow rates with full-width sharp-crested weirs, specified in ISO 1438, is restricted to weirs with a weir plate height of less than 1 m. Previous studies have shown that deviations in measured discharge coefficient from the Rehbock coefficient increase with increasing weir height at heights of over 1 m, owing to the scale effect of weir height. In this paper, a new discharge coefficient is proposed for use when applying the Rehbock formula to weir plate heights over 1 m, as discharge flow rates of large-size pumps are usually measured using full-width weirs with a plate height as high as 2 m. Its validity is examined and verified, based on test results in studies by Schoder-Turner and later researchers. The paper also discusses the effect of scale on discharge coefficient in relation to the boundary layer on the weir plate.
INTRODUCTION
A high volume flow -such as 10 m 3 /s discharged by large size pumps -can only be measured using full-width weirs due to the size limitation of the orifice plates and Venturi tubes, where full-width weirs with a weir plate as high as 2 m are commonly used. Failure to use high weirs can lead to high channel velocity causing rough surface flow, resulting in a highly fluctuating head and higher uncertainty.
Rehbock's full-width weir formula 1) , specified in ISO 1438: 2008 2) , was verified and determined using test data obtained from weirs with a weir plate height of less than 1 m. However, data for plate heights higher than 1 m show increasing deviation from the formula with increasing plate height. This has led to the field of discharge flow measurement of large-size pumps now requiring new equations for a discharge coefficient for use with full-width weirs with a plate height higher than 1 m, as such pumps become increasingly adopted and weirs are the only apparatus suitable for measuring large flow rate.
In this paper, new equations are proposed and examined for use with full-width weirs with a weir plate height higher than 1 m, based on the original Rehbock formula and test results from studies by Schoder and Turner 3) , Kindsvater and Carter 4) and Kurokawa et al. 5) . The reasons for the changes in the discharge coefficient with increasing weir height are also discussed, together with the results obtained by using the computational fluid dynamics (CFD) code.
FORMULAE FOR DISCHARGE COEF-FICIENT FOR FULL-WIDTH WEIRS
(1) Rehbock formula Rehbock 1) published the following formula for measuring open channel flow using full-width weirs:
(1) Fig. 1 Fig.1 ).
The results reported by Schoder-Turner 3) and other data revealed that the deviation in the measured values of the discharge coefficient from the values by Eq. (2) was less than 1%, provided that the weir plate height was less than 1 m.
Although included test results obtained with weir plate height over 1m, the results were not discussed in Rehbock's paper 1) , as the data showed increasing deviations with increasing weir height, owing to the scale effect of the weir height.
The idea of the scale effect was not popular when Rehbock published his paper in 1929. He, therefore, took the deviations as caused by some unexplainable reasons, and excluded the weir plate height over 1m from the application range.
(2) JIS formula
For the purpose of providing a formula for fullwidth weirs with a weir plate height higher than 1 m for measuring high-volume flows discharged from large-scale pumps, Ishihara and Ida 6) proposed a new formula for discharge coefficient as shown below, based solely on the test results of Schoder and This is essentially the same as the 1913 Rehbock formula 1) , which was limited to application to weirs with a weir plate height of 1 m or less. Expansion of the limitation range by applying a modification term was attempted, and showed that the term (1+ε) shown above corresponded best to the test results. The term adjusts the flow coefficient only in the range of p above 1 m, and increases with increasing p.
The formula was first adopted in JIS B 8302 7) in 1953. However, the equation was not non-dimensional, and was therefore not appropriate for the equation to be specified in an ISO standard, which led to the present proposal for new discharge coefficient equations stipulated in this paper.
NEW EQUATIONS FOR DISCHARGE COEFFICIENT FOR p OVER 1 m
International Standard ISO 1438:2008 2) adopted the 1929 Rehbock formula 1) , Eq. (2) and (3), for flow calculation using full-width weirs, in which the discharge coefficient and the effective head were modified slightly as follows:
h 1e = h 1 + 0.0012 (7) with the limitation on the weir plate height set to 1 m. For weir plate height over 1m, the measured values of coefficient by Schoder and Turner 3) and others, as referred to later, showed deviations from the values given by Eq. (6), which increased with increasing weir plate height.
The authors tried to devise new equations covering the range of p higher than 1 m, and propose here the following equations for calculating the discharge coefficient, hereinafter referred to as the Boiten coefficient. (8) 
EXAMINATION OF THE COEFFI-CIENT WITH TEST RESULTS
This section examines the proposed equations for the discharge coefficient, based on the test results reported by Schoder and Turner 3) , by Kindsvater and Carter 4) and by Kurokawa et al. 5) , where the values of measured coefficients are calculated by
with a = 0.0012 m, where a is head adjustment.
(1) Schoder and Turner A study by Schoder and Turner 3) examined the results from extensive tests on full-width weirs carried out at the Hydraulic Laboratory of Cornell University, New York. The height of the weirs ranged from 0.152 to 2.286 m, the heads from 0.004 to 0.838 m, and the width of channel from 0.274 to 1.280 m. Flow measurement was carried out using , p = 1.676 m. 
(2) Kindsvater and Carter
A comprehensive solution was reported by Kindsvater and Carter 4) for grasping the discharge charac- , but a group of points in line, shown by solid circles, could be estimated to be those for p = 1.402 and 1.524 m, as the maximum head for these cases was 0.384 m (h 1 /p = 0.274 or 0.252).
The measured points run quite well on the Boiten coefficient lines, indicating that the effect of weir plate height had been revealed in their tests. Unfortunately, they performed tests only on two cases where the weir plate height exceeded 1 m but not excessively. Therefore, the authors of the paper over-looked the effect of the plate height by not comparatively examining their results versus those by Schoder and Turner.
(3) Kurokawa et al.
Kurokawa et al. 5) carried out extensive tests on large scale full width weirs. The study aimed to verify Schoder and Turner's findings that deviations in measured discharge coefficient from the ISO Rehbock coefficient increase with an increase in weir plate height.
The study used weirs with a width of 1.5 m, in which the weir plate height was changed to 0.8 m, 1.4 m, and 2 m by sliding the weir plate. The flow rate was measured with an orifice plate calibrated by the weighing method, in which the upstream and down- 
(4) Summary
As shown in Figs. 2 through 6 , the Boiten coefficient adequately represents the behavior of the discharge coefficient of the full-width weirs with weir plate height exceeding 1 m. It is recommended that the Boiten coefficient expressed by Eqs. (6) and (8) be specified as an ISO formula for full-width weirs with the limitations stipulated in the former section.
DISCUSSIONS
(1) Causes of change in discharge coefficient for weir plates with a height exceeding 1 m Flow coming to the weir plate through the channel bottom region goes up along the weir plate (see Fig.1) . A boundary layer is formed on the plate, and at the top of the plate, the boundary layer joins the lowest part of the overflow (nappe) from the crest, giving non-negligible effect on the value of the discharge coefficient, as discussed later.
The boundary layer thickness δ (l) on a flat plate with a length of l is shown by the following equation (see Daugherty, R.L. et al. 8) ):
where U denotes velocity of flow around the plate, and ν denotes kinematic viscosity [m 2
/s].
The boundary layer thickness at the top of the weir plate formed by upward flow along the weir plate can be roughly estimated by substituting the upward velocity w y for U and weir plate height p for l in the above equation, where, furthermore for the purpose of simplification, the velocity w y is substituted by the mean channel velocity u 0 , as the velocity of upward flow has about the same magnitude as the mean channel velocity (see Fig. 1 ).
Between two weirs with different plate height p but with the same h 1 /p, the channel velocity, given by weir flow devided by channel depth and width, is proportional to h 1e 1/2 and thus to p 1/2 , as the weir flow per unit width is proportional to h 1e 3/2 , and accordingly to p 3/2 . When two cases of different plate heights p 1 and p 2 with the same h 1 /p ratio are considered, the ratio of boundary layer thickness δ(p 2 ) / δ(p 1 ) between both plates is expressed by
As seen in the above equation, the thickness is not proportional to the plate height, but varies in proportion to p 0.7 . This means the boundary layer thickness becomes relatively thinner along an increase in the plate height. This is the cause of the scale effect.
Although the difference in thicknesses at the top between low and high plates is small, the boundary layer joins the lowest side of the nappe, where the velocity is highest, causing some effect on the contraction of the nappe flow, which is closely related with the discharge coefficient. Thus, the effect of the difference cannot be neglected. The velocity distribution in the nappe section should be analyzed, when the computational analysis is applied to investigate directly the effect of scale on the weir discharge coefficient. Unfortunately, limitations of existing technology prohibit a precise flow analysis at the boundary between water and free air. That is, due to the mixture of water and air bubbles changing its density only gradually in the process of the CFD at the lower surface and upper channel flow surface, a clear-cut boundary cannot be established, whereby change in the discharge coefficient due to the weir plate height cannot be clarified solely by the CFD. In this paper, therefore, the behavior of the boundary layer was studied at a section of 90% weir plate height, or vertical velocity distribution in that section, although this gives only a qualitative result. The distributions of upward velocity v y along the weir plate at 90% of weir plate height are shown in Figs. 7 and 8. Figure 7 displays the velocity distributions in a wide range of distance d from the plate, and Fig. 8 shows a detailed representation in a region close to the plate within d/p < 0.015.
The dimensionless velocity distribution shows very good similarity to each other for both cases of h 1 /p, as shown in Fig. 7 . When observed in detail, however, the distributions show a distinct difference in the boundary layers, that is, in the zone of d/p < 0.005 (d/h 1 < 0.02 ∼ 0.03) (see Fig. 8 ). Although the boundary layer is very thin, its ratio to the weir head amounts to a few percent, and accordingly the change of the ratio brings about not a small effect on the discharge coefficient.
CONCLUSION
In this study, new equations for the discharge coefficient for full-width weirs with weir plate height over 1 m were proposed and examined based on the test results presented by Schoder and Turner 3) , Kindsvater and Carter 4) and Kurokawa et al. 5) . All data verified the validity of the new equations with their application limited to the practical range of weir plate height and head.
The reason for the change in discharge coefficient in weirs with a weir plate height exceeding 1 m was explained by the behavior of the boundary layer on the weir plate, using the boundary layer equation on a flat plate, along with the results of the CFD code on the weir plate for three cases of plate height with identical h 1 /p.
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